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SYNOPSIS

A new clectrodeless accelerator concept that relies on an RF-assisted discharge,
an applied magnetic field, and electromagnetic acceleration using an inductive coil
is presented. The primary advantage of this concept is that a preionized plasma is
cmployed to lower the initial voltage threshold which applies to the formation of an
inductive current sheet in other pulsed inductive accelcrator concepts.

In the first chapter of this report we introduce the concept and describe its potential
advantages. We then describe a proof-of-concept experiment, supported by optical
and probe diagnostics, constructed and used to demonstrate low-voltage, low-energy
current sheet formation and acceleration. Magnetic field data indicate that the peak
sheet velocity in this unoptimized configuration opcrating at a pulse energy of 78.5 J
is 12 knV/s. Visual observations indicate that the plasma follows the applicd magnetic
field from the RF discharge to the face of the planar accelcration coil, whilc magnetic
field probing and visualization using a fast-framing camera show the formation and
accceleration of the current sheet. These observations and mecasurements provide the
first proof of validity for the concept.

In Chapter 2, a model of the FARAD accelerator consisting of a set of coupled
circuit cquations and a one-dimcnsional momentum cquation was nondimensionalized
leading to the identification of several scaling parameters. Coutour plots representing
thruster performance (exhaust velocity and efficiency) were generated numerically as
a function of the scaling parameters. The analysis and modcling allowed for obtaining
a critcrion that maximized thruster efficiency when the circuit’s natural period was
matched to the acceleration timescale. An additional insight was to show that a circuit
with a highly underdamped current waveform leads to higher thruster performance.

In Chapter 3, the inductive formation of currcnt shects in a conical theta pinch
FARAD is investigated experimentally with time-integrated photography. The goal is
to help in understanding the mechanisms and conditions controlling the strength and
extent of the current sheet in a conical pinch configuration, which are two indices im-
portant for FARAD as a propulsion concept. The profiles of these two indices along
the inside walls of the conical acceleration coil are assumed to be related to the pro-
files of the strength and extent of the luminosity pattern derived from photographs
of the discharge. The variations of these profiles as a function of uniform back-fill
neutral pressure (with no background magnetic field and all parametcrs held constant)
provided the first clues on the nature and qualitative dependencies of eurrent sheet for-
mation. It was found that there is an optimal pressure for which both indiccs rcach a
maximum and that the rate of change in these indices with pressure differs on either
side of this optimal pressure. This allowed the inference that current shect formation
follows a Townsend-like breakdown mechanism modificd by the existence of a finitc
pressure-dependcent radio-frequency-generated electron density background. The ob-
servation that the effective location of the luminosity pattern favors the exit-half of the
conical coil is explained as the result of the tendency of the inductive discharge circuit
to operate near its minimal self-inductance. Movement of the peak in the luminousity
pattern towards the upstream side of the cone with incrcasing pressure is believed to
result from the need of the circuit to compensate for the increasc in background plasma
resistivity due to increasing pressure.
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In light of the studies and findings reported in the first three chapters, a set of design
rules aimed at producing a high-performance Faraday Accelerator with Rf-Assisted
Discharge (FARAD) are presented in Chapter 4. The rules are discussed for optimiza-
tion of cach of thc major processes in thc FARAD: plasma accclcration, current sheet
formation, applied ficld generation and mass injection and preionization. A combina-
tion of literature data, previous modeling results and physical intuition are employcd
to determine and justify the stated rules. A qualitative level of confidence is assigned
to each statement bascd upon the supporting evidence cmploycd to rationalize the rulc.
While some of the rules are complementary, further investigation and verification are
required to dcterminc if any directly conflict with cach other.




Chapter 1

FARAD: Proof of Concept

Nomenclature

B - magnetic field [Gauss]; C - capacitance [F]; I, J - current [A]; j - current den-
sity [A m™2]; Lo - external inductance [H]; L. - coil’s inductance [H]; M - mutual
inductance [H]; r - radial coordinate [m]; R, - external resistance [Q?]; R, - plasma
resistance [Q2]; R, - Magnetic Reynolds number; Vj - initial voltage [V]; z - axial co-
ordinate [m]; Zeme - electromagnetic coupling length scale [m]; AL - change in circuit
inductance [H]; A, - acceleration coil pulse length [s]; Atg - gas pulse length [s];
Atprp - RF pulse length [s]; 1 - magnetic permeability [H m~']; pg - gas density [kg
m~3]

Additional subscripts

Applied - applied magnetic field component; ¢, - acceleration coil component; ;. -
radial component; . - axial component
¢ - azimuthal component

1.1 Introduction

Pulsed inductive plasma accelerators are spacecraft propulsion devices in which cnergy
is stored in a capacitor and then discharged through an inductive coil. Thc devicce is
electrodeless, inducing a current in a plasma located ncar the face of the coil. The
propellant is accelcrated and expelled at a high exhaust velocity (O (10 km/s)) through
the interaction of the plasma current and the induced magnetic field.

Inductive plasma accelerators are attractive as propulsive devices for many rca-
sons. The lifetime and contamination issues associated with electrode erosion in con-
ventional pulsed plasma thrusters (PPTs) do not exist in devices where the discharge
is inductively driven. In addition, a wider variety of propcllants (e.g. CO2, H20) be-
comes available for use when compatibility with metallic electrodes is no longer an
issuc. Morcovecr, pulsed inductive accelcrators (indeed, pulsed accelerators in general)
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can maintain the samc performancc level over a wide range of input power levels by
adjusting the pulse rate.

We introduce a ncw pulsed inductive plasma accelerator concept, the Faraday Accelerator
with Radio-frequency Assisted Discharge (FARAD). In this work wc describe the re-
sults from a proof-of-concept experiment and not a working, optimized thruster. In the
rest of this scction we describe the FARAD concept and provide motivation for our
rescarch.

1.1.1 Description of the Concept

A schematic representation of the FARAD proof-of-concept experiment is shown in
Fig. 1.1. In thc schematic two joined cylindrical glass tubcs form a vacuum chamber
for the experiment. Plasma generation occurs in the smaller vesscl whilc acccleration
takes place in the larger-diameter, adjoining vessel. The chamber is surrounded by a
set of applied B-ficld electromagnet coils, which are configured to produce a highly
axial field inside the smaller tube and a highly diverging, mostly radial ficld ncar the
flat back-end of the larger vessel, as shown by the representative applicd B-field lines
drawn in the figure.

In a FARAD thruster, gas is injected into the smaller tube (from the left in the pie-
ture) and is ionized by a helicon discharge, which requires the applied axial magnetic
ficld and an RF/helicon antenna; the latter is shown wrapped around the outside of the
smaller tube. A helicon discharge[1, 2, 3] is a radio-frequency inductivc discharge that
1s very efficient as a plasma source. The highly ionized plasma is guided by the applied
magnetic field to flow radially outward along the flat back-end of the adjoining larger
vessel.

A flat induetive coil is mounted on the outer side of thc back-end (which protects
the coil from the plasma). The coil extends from the outer radius of the central opening
to the inner radius of the larger vessel and is referred to as the acceleration stage. A
large azimuthal current, labeled Jeip in Fig. 1.1, is quickly pulscd through the coil.
For a high-enough current rise rate[4], dT/dt > 100 A/s, this pulse induces a current
sheet in the plasma, which initially forms parallel and very close to the back-end.

The current sheet, shown as a thin disk in the figure, contains an induced azimuthal
current, labeled Jpjasma, which flows in the opposite direetion to the eurrent in the coil.
The induced current density interacts with the magnetic fields resulting in a Lorentz
body force density.

1.1.2 Motivation

The FARAD coneept shares one main feature with a previous concept, namely the
Pulsed Inductive Thruster (PIT)[S, 6, 7). That feature is the inductive production and
acceleration of a current shcet via a current pulse in an external coil. As such, we expect
the propulsive characteristics of an optimized FARAD thruster to be quite comparable
to the PIT (/,, = 2000-8000 s , 1, = 40-50%).

The novelty of the FARAD is that the plasma is preionized by a mechanism separate
from that used to form the current sheet and accelerate the gas. This is much different
than that in the PIT where ionization, current sheet formation and acccleration arc all
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Figure 1.1: Schematie illustration of the FARAD concept.

performed by the pulse of current flowing through the acceleration coil. An additional
conceptual difference is between the FARAD and the PIT is that in the FARAD the
propellant is fed as a plasma from upstream of the acceleration stage instead of as a
neutral gas fed from downstream by a sizeable nozzle.

We show in this chapter of the report that using a separate preionization mechanism,
such as the onc found in our experiment, allows for the formation of an inductive
current sheet at much lower diseharge encrgics and voltages than those used in the PIT,
even though our proof-of-concept experiment is poorly optimized for inductive current
sheet formation and aceeleration. While the experimental data contained in this chapter
were obtained as discharge energics of 78.5 J/pulse, inductive current sheets have becn
formed in the proof-of-eoneept experiment at energies as low as 44 J/pulsc (versus 4
kJ/pulse in the PIT). Relief of the high energy, high initial voltage design constraint
on pulsed inductive current sheet formation has the potential to lead to smaller, morc
compact thrusters for spacecraft systems.

In addition to the aeeeleration produeed by the interaction of the induced mag-
netic field and plasma current, an additional aeceleration component may be realized
through the interaction of the applied magnetic field with the induced current. How-
ever, a strong applied magnetie ficld may impede the azimuthal current in the sheet,
thus lowering thruster efficiency. Study of this aspect of the FARAD is beyond the
scope of this chapter, but we mention it here as it merits scparate investigation.

The outlinc for the rest of the chapter is as follows. In section 1.2 thc FARAD
proof-of-concept experiment is described while the diagnostics employed are briefly
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described in section 1.3. Data demonstrating the conccpt of low voltage, low cncrgy
pulsed inductivc acccleration are presented in section 1.4 and discussed in greater detail
in section 1.5.

1.2 FARAD Proof-of-Concept Experiment

The different componcnts of the FARAD proof-of-concept experiment are described
below. These components are assembled to form the dedicated cxperimental facility
shown in Fig. 1.2,

Electromagnet B and E-field probes

Turbopump Vacuum
Giauge

Figure 1.2: Photograph of the facility used for thc FARAD proof-of-concept experi-
ment. The picturc shows the watcr-cooled clectromagnet, Faraday cage, turbopump
and associatcd cquipment. The plasma helicon sourcc is located inside the box on the
left hand side.

1.2.1 Vacuum Vessel

The vacuum vessel consists of two Pyrex cylinders placed insidc of an electromagnet.
The small cylinder has a 6 cm inner diameter and is 37 cm in length while the large
cylinder has a 20 cm inner diameter and is 46 cm in length. The cylinders are connected
using a G-11 (fiberglass) plate with a 6 cm concentric hole at the center to allow free
flow of gas between the two cylinders. A flat induction coil (used to accelerate the
plasma) is mounted to the G-11 plate inside the vacuum chamber. A photograph of the
small cylinder mated to the G-11 plate is shown in Fig. 1.3.

A constant background pressure (0.1 to 55 mTorr) can be maintained by a gas
fced located at the endplate of the large cylinder and by a 150 I/s turbo pump with a
conductance controller backed by a roughing pump. A background pressure of 5 x
10 ® Torr can be maintaincd while the turbo pump is opcrating and the conductance
controller is in the open position.
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Helicon
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Figure 1.3: Sidc vicw of the fully assembled FARAD proof-of-coneept experiment.
This photograph can be compared dircetly to the eonceptual schematic shown in Fig.
1.1.

1.2.2 Applied Magnetic Field

The applied magnetic field is generated using a Varian VA-1955A klystron magnet.
(No effort at this proof-of-concept stage has becn made to devclop a compact magnct
that would be more ideal for an actual thruster.) This apparatus contains fivc separatce,
water-cooled magnet coils (see schematic in Fig. 1.4). The magnet wiring has been
altered to allow the currents in coils 1 and 2 and coils 3, 4 and S to be driven in op-
positc dircetions by two different power supplies. Using two Electronic Measurements
EMCC 120-40 power supplies to drive the eurrent in opposite directions in these coil
sets, a cusped magnetice field can be created.

Magnetostatic Modeling

A 2-D axisymmetric numerical model of the magnet and case is constructed and solved
using a magnctostatic modeling program (Maxwell SV, Ansoft Corp.). The model is
shown to scalc in Fig. 1.4. Each coil set consists of threc separate, concentric, toroidal
copper rings. Each ring carries an equal amount of the total assigned eurrent. The
magnet casing is modeled with a relative magnetic pcrmeability of 60. As in the cxper-
iment, the currents in coil sets 1 and 2 flow in the same direction while coil sets 3, 4
and § are driven by a separate power supply in the opposite direction. Throughout this
chapter, the axial position = = 0 is coineident with the location of the acccleration coil.

Applied Field Measurements

Mcasurements of the steady-statec magnetic field in the coil were performed using an
FW Bell gaussmeter (model 5080) calibrated to an accuracy of 1%. The axial and
radial components of the field were measured on a grid with spacings in both the axial
and radial directions of 1.27 em (1/2”). This grid eovers 10.16 em (4”) in the radial
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direction and 58.42 cm (23”) in the axial direction. The current provided by the power
supply for coils 1 and 2 was 23.9 A while the current for coils 3, 4 and 5 was 10.2
A (e.g. total current assigned to coil set #1 = 23.9 A x 182 turns = 4350 A-turns).
The results of the applied field measurement are given in the top half of Fig. 1.5 whilc
the bottom half of the same figure shows results predicted by the magnetostatic model
operating under the same conditions. The agreement with the model is excellent as the
calculated and measured maps are practically indistinguishablc.

Magnyet Uy

Coid

- Large Glass Veaxed

16 ™. . { 1 A
Suall Gla k G Madplae

Vessel “ Inducnon Conl

Ciwer
i 1 i i 1 1

14 (1] 113 20 W il

lom)

i ol Set 1 \ - ol

Waidings per et s 1t P89 189 5

Figure 1.4: An axisymmetric schcmatic depicting the geometry of the magnct and
vacuum vessel (to scale). The accelcration coil is located at 2 = 0 in all the plots in
this chaptcr.

The magnetostatic model is used to find values for the current in cach coil which
would yield a mostly radial field at the coil face while still producing a mostly axial
field in the helicon stage. For the given configuration, there are a widc rangc of current
values for which an axial field is produced in the helicon stage. Plots of the magnctic
field lines are used to identify ficld geometries which could deliver magnetized particles
from the inductive discharge to the acccleration coil face. While a cusp magnetic field
is produced in the proof-of-concept cxpcriment, it is only an artifact of how the applicd
magnetic field is presently generated. Only the axial field in the helicon stage and
the mostly radial field in the acceleration stage are truly necessary. In a real thruster,
the radial ficld should have some finitc value at the coil face and then drop quickly
to near zcro ovcr a distance that is shorter than the acccleration length scale, helping
to guarantee magnctic field detachment. Such a field geometry could be constructed
using a combination of Helmholiz coils and magnetic pole pieces.

1.2.3 Plasma Generation

A Boswcll-typc saddle antenna (helicon antenna)[8] is placed around the small cylin-
der (shown on the Icft side of Fig. 1.3) and used to generate the plasma. The antcnna
is constructed of copper tubing to allow water cooling during operation. The heli-
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Figure 1.5: Applied magnetic field measurements (top) and modeling results (bottom)
for the calibration case where the current in coils 1-2 is 23.9 A and the current in coils
3-51is 10.2 A, showing excellent agreement.

con discharge[1, 2, 3] is produccd by supplying power (stcady-state or pulsed) to the
antenna from an ENI 13.56 MHz, 1.2 kW power supply through a tuner. The tuner
consists of an L network composcd of two Jennings 1000 pF, 3 kV variable vacuum
capacitors. It is located as close to the antenna as possible to maximize coupling effi-
ciency.

At the power levels we operated the plasma source (500 W and above) the mea-
sured plasma density, electron density, electron temperature, reflected powers[9] as
well as the luminous structure of the plasma inside the source (a bright pencil-like core
of bright emission surrounded by a plasma) all correspond to what is commonly de-
scribed as a helicon source in the literature (see Ref. [[2]] and the references within) as
opposed to an inductive discharge. While the axial field strength in the small cylinder
is approximately 400 Gauss for the data contained in this chapter, helicon discharges
were ignited at field strengths of 175-200 Gauss.

1.2.4 Acceleration Coil

The FARAD acceleration coil (seen in Fig. 1.6} is similar to the Marx-type coil used
by Lovberg and Dailey in later generations of the PIT[6]. However, it is quite different
in scale and pulse energy. The PIT MkV coil is comprised of 18 half-turn coils, has
an outer diameter of 1 meter and operates at roughly 4 kJ/pulse. The FARAD proof-
of-concept experiment, on the other hand, possesses 12 half-turn coils, has an inner
diameter of 20 cm and has been operated from 44 to 78.5 J/pulse.
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Figure 1.6: Skewed end view of the fully assembled FARAD expcriment showing the
face of the acceleration coil.

The half-turn coils are connected in parallel using copper strips. A 39.2 pF ca-
pacitor is remotely located and connected to the coil using copper stripline. Current is
switched using a simple contact, or “hammer”, switch. In a real thruster, SCRs or soinc
other type of solid-state switching would be used. A lumped-element circuit schematic
of the accelcration stage, showing both the driver circuit and the inductively coupled
plasma, is shown in Fig. 1.7. The external circuit possesses capacitance C, external
inductance Lg, resistance K., and acceleration coil’s inductance L. The plasma also
has an inductance cqual to L¢ and a resistance R,,. The two circuits are inductively
coupled through the acceleration coil, which acts as a transformer with mutual induc-
tance M.

R, Lo Swich

AAAAL ’737§ e -
l VY0000

. Vo

FARAD Cirenit Plasma
Circunt

Figure 1.7: Circuit schematic of the FARAD acceleration coil and the inductively cou-
pled plasma.

In a real thruster, one would want the fractional changc in inductance to be high,
(AL/Lg > 1). In our experiment, though, AL/Ly = 15%. This is an unfortunate
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effect of adopting the PIT’s half-turn Marx-type coil geonietry, which possesses a low
inductance at small diameters. However, demonstrating current sheet formation and
any subsequent acceleration in this unoptimized configuration serves to demonstrate
the robustness of the eoneept. The coil’s inductance can be increased in later genera-
tions of the FARAD by using multiple-turn spiral coils.

1.2.5 Experimental Operation

During operation of the FARAD proof-of-concept experiment, a helicon plasma is ini-
tiated and allowed to reach a steady-state condition. The duration of the helicon dis-
charge prior to pulsing the aceeleration eoil is ~ 1-2 sees. The helieon souree remains
active well after the acceleration pulse (O (1-10) yzs) is eomplete.

Thruster Pulsing Scheme

We note here that, in a real thruster, carc should be taken in choosing the correct pulse
widths and the inter-pulsing scheme. There are three major pulsed systens in the
FARAD concept (the applied B-field being left in a steady-state mode for this dis-
cussion):

1. The neutral gas pulse, of temporal extent At,, precedes the other pulses and
should be long enough to fill the helieon stage with neutral gas but short enough
to avoid leaking gas to the second (acceleration) stage.

2. The RF pulse length, Atgy, is the duration that power is supplied to the helicon
stagc. While the helicon stage can be operated in a steady-state mode (as we
have done in the proof-of-concept experiment), it must bc operated in a pulsed
mode in a real thruster since the acceleration mechanism itself is pulse. In a real
thruster the RF pulse is not started until the injected gas has filled the helicon
stage and must end late enough to allow most of the produced plasma to migrate
to the back-cnd of the acceleration stage but early enough to avoid producing
extraneous plasma that may not participate in the aceeleration proeess.

3. The acceleration coil pulse, At,, must not start until most of thc plasma has been
guided to the back-end of the acceleration stage and must not end until the cur-
rent sheet has traveled an axial distance z.,,., which represents the axial extent
of the region (measured from the back-end) in which electromagnetic coupling
between the sheet and the coil occurs. For axial locations z > z.,,. the current
sheet is decoupled from the acceleration coil.

The demand for a fast gas valvc can be alleviated by employing a burst-pulse
scheme similar to that developed for gas-fed pulsed plasma thrusters[10, 11]. In this
mode, a “slow” and sturdy valve is operated at a low duty eycle and the thruster is op-
erated in a burst of discharge pulses, with a At between each conseeutive pulse equal
to the timc it takes the current sheet to sweep the gas through the thruster. The time
between the bursts is dictated by the available steady-state power and the required (av-
erage) thrust. If the response time of the RF-matching network is too slow to switeh the
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preionization pulsc on and off for each individual acceleration pulse, it too can operate
at the lower duty cycle associated with the “slow” valve.

Optimization of the pulsed systcms is beyond the scope of the proof-of-concept
cxperiment since an ambient fill technique and steady-statc RF discharge werc used.
However, it is clcar that the pulse inter-sequencing and relative magnitudes of At,,
Atgr and A, will have significant impact on both the mass utilization efficiency and
the propulsive performance of a real thruster and rcquirc further investigation.

1.3 Diagnostics

1.3.1 Current Monitoring

The current flowing through the acceleration coil, Jg;, is monitored using an air-core
Rogowski coil[12]. The raw probe output, which is proportional to the derivative of the
enclosed current, is integrated numerically to yield a current waveform. The error on
the calibration constant, which multiplies the integrated Rogowski coil waveform, is
+3% and the numecrical integration errors have becn estimated to add an additional 2%
error for a total of £5%

1.3.2 Induced Magnetic Field

The induced (time-varying) magnetic field measurements are acquired using B-dot
probes[13]. Three Panasonic 220 nH wire-wound non-magnetic core surface mount
inductors are uscd to measure 3 /dt in three orthogonal direction. The probe head
is contained within a glass tube which protects it from the plasma. The tube diameter
is on the order of mm, so as to not significantly disturb the plasma. The numeri-
cally integrated d3/dt signals are multiplied by their respective calibration constants
and linearly combined to obtain B(t) in thc r-8-z coordinate system. The error on
the measurement of B, is £5%. The radial location for our measurements is given
schematically in Fig. 1.8.

1.3.3 Current Sheet Visualization

Visualization of current sheet formation and its subsequent motion is accomplished
using a Hadland Photonics Imacon 792/LC fast-framing camera. The photographs are
obtained using a 20 million frames per second module, with cach frame having an
exposure time of 10 ns. Due to obstruetions in the optical path, only one region of the
plasma, located on the face of the acceleration coil and extending 20 mm in the vertical
direction, is imaged. A mask is affixed to the outside of the vacuum vessel to allow
the currcnt sheet’s absolute position to be determincd in each exposure. Consequently,
the imaging plane is located at the edge of the vacuum vesscl to properly image the
mask (scc Fig. 1.8 for the relative location of the imaging plane). The photographs are
obtained without filtering, so any light emission that is bright ecnough to be imaged is
seen. However, the RF/helicon plasma that reaches the acceleration coil face did not
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produce enough light on its own to appear in any of our photographs, so we assume
that the light captured in each exposure corresponds to emission from the current sheet.
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Figure 1.8: A schematic showing the relative locations of 1) the magnetic field probe
data and 2) the planc imaged by the fast-framing Imacon camera. The schematic is
to scale, and the vertical extent of the imaging plane matches the extcnt of the images
prescnted in this chapter.

1.4 Experimental Data

In this section, data is presented which demonstrates the formation of a low-cnergy,
low-voltage current sheet. In addition, the sheet experiences significant acceleration
during the first half-cycle of the discharge. The working gas for these data is argon
at 23 mTorr (in both the helicon and aceeleration stages). The chamber is first evac-
uated and then a uniform fill technique is used to introduce the gas. The pressure is
chosen because the strongest current sheet (detcrmined using magnetic field traces,
fast-framing photography, and naked-eye observations) forms at this pressure. The he-
licon is operated at 1000 W of forward power, but operation down to S00 W result in
insignificant changes in the magnetic field waveforms and photographic images.

1.4.1 Visual Observations

Simple visual observations provided verification of the passive magnetic-field-guided
plasma injection onto the acceleration coil face. The helicon plasma is quite lumines-
cent and can be seen following the applied magnetic field lines and spreading over the
acceleration coil (see Fig. 1.9). The luminosity is greatest at the centerline of the device
and decreases with increasing radius. This is not surprising since we expect that the
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initial, preionized plasma density scales like 1/7 as the plasma spreads radially out-
ward across the accelerator coil face. In the current configuration, a great deal of the
plasma stays anchored alone the centerline and is not turned. This issue would have to
be addressed in a real thruster. Also, the plasma density in a real thruster, while being
greatest near the eenterline, must be of a sufficient magnitude at the outside cdge of the
coil to allow for low voltage current sheet to form over the entire coil facc.

Visual observations provide evidence of current sheet formation. When current
is pulscd through the acceleration coil, a very bright ‘flash’ of light appears in a thin
region ncar the coil. The flash appears homogeneous over the face of the coil and its in-
tensity temporarily overwhelms the light cmitted by the steady-state (hclicon) plasma.
The short duration, bright light emission is indicative of increased ionization due to
current sheet formation across the coil face. While these observations are only qual-
itative, it is important to note that no current sheet formation was observed when the
preionized plasma was not present. This leads to the eonclusion that our configura-
tion directed ‘enough’ preionized plasma to the acceleration coil face to allow for the
formation of a current sheet at low discharge energies.

cenerine

Figure 1.9: Photograph of the steady-state RF plasma as it follows magnetic field lines
and spreads out over the face of the acceleration coil (viewed through a 1.0 neutral
density filter). The bright area adjacent to the back-end, where the acceleration coil is
located, is emission from the injected plasma. The grid pattern in the picture is due to
the mesh of the Faraday cage enclosing the experiment and the dark, rectangular shape
near the centerline is a structural member outside the chamber.

1.4.2 Coil Current

A typieal driver circuit current waveform is given in Fig. 1.10. Since the fractional
change in the inductance is low, the coil current is roughly the same with or without
a current sheet present. The maximum d.Jcoi/dL in our circuit is roughly 1.8 x 100
A/s, which is on the order of the level required to form a current sheet[4].
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Figure 1.10: Total eurrent in the aeceleration eoil, Jc, (with a typieal error bar) for a
pulsc cnergy of 78.5 J.

1.4.3 Magnetic Field
Applied Field

Values of the applied (steady-state) magnctic field are computed numerically using
the magnetostatic model presented in section 1.2.2. For completeness, plots of the
variation of the applied field (B, and B;) along an axial linc at a radius of 66 mum arc
given in Fig. 1.11. In the model, coils 1-2 are supplied with 38 A while 36.5 A arc
delivered to coils 3-5 by the power supply. These currents match those used during the
experimental trials. The B, field peaks just in front of the coil while the B, field at that
location goes to zero, as expected.
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Figure 1.11: Caleulated applied magnetie ficld strengths in the » and = direetions in
front of the acccleration coil at a radius of 66 mm. The coil position (z = 0) and the
location of the surface of the glass plate covering the coil are sketched in the plot.

The magnitude of the applied ficld and a rough measure of the number density at
the coil face before the pulse (found as 10!! cm ™2 using an RF-ecompensated Langmuir
probe) ean be used to eompute the elcctron and ion Hall parameters and the collisional
mean free paths in the experiment beforc the pulse. The calculations reveal that the
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clectrons are partially magnetized (wee /ve; > 1, electron-neutral mcan free path on
the order of centimeters) but the ions are not (w;/1; < 1). (Note that somc ions may
be turned by microscopic polarization fields forming as the more mobilc electrons turn
along the field lines and race towards the outer edge of the acccleration coil.) Whilc
this is acceptablc for our proof-of-concept experiment, the ions in a real thruster would
have to be turned by cither a much stronger applied field or some type of duct or nozzle
to avoid a low mass utilization efficiency.
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Figure 1.12: Time histories of the induced radial magnetic field strengths (with a typical
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